This paper examines the efficiency of the Korean stock exchange market with reference to the recent relaxation of price limits effective on June 15, 2015 for the period from January 2012 to November 2017 and compares the efficiency between sub-periods before and after the police change which saw expansion of daily price limits from 15% to 30%. The daily returns of the market index and 60 stocks selected from different industrial sectors are used to test the random walk hypothesis under two different price limits regime using the Lo-MacKinlay variance ratio tests and multiple variance ratio tests. The empirical evidence found that the market index showed weak form market efficiency along the lines of random walk hypothesis while individual sample stocks behaved differently according to the different price limits periods. The number of stocks following the random walk process increased under the 30% price limits regime in comparison with that under the 15% regime, indicating Korea's stock market appears to become more efficient as daily price limits are expanded although the findings are rather suggestive than definitive.
Introduction
Prediction of security prices is of great importance to investors in financial market to beat the market for better performance than others. Since the significant study by Fama (1965) in which he empirically presented that mutual fund investments for stocks of the Dow-Jones Industrial Average do not outperform randomly selected portfolio with no evidence of the fund managers having superiority to the average investors, a large number of researchers in both academic and industry sector have focused on the efficiency of stock markets across the world. In an efficient market, according to the efficient market hypothesis (EMH), stock prices "fully reflect" available information therefore investors cannot earn abnormal returns over the market average (Fama, 1970; 1991) . The market efficiency has been tested with the random walk process where security prices moves randomly and serially independent. Therefore, under the random walk hypothesis, future stock prices cannot be predicted with the past price history since the relevant information would have already been fully reflected in an efficient market which is specifically known as weak form efficient market. 1 Statistically speaking, random walk process is that stock prices move independently and their changes are identically distributed.
A large body of empirical research on random walk process test for examination of efficient market hypothesis has been done for the various stock markets in both developed and emerging economies since the works of Fama (1965; 1970) and produced mixed results. Earlier studies on random walks of stock price movement were mainly conducted by use of conventional methods such as serial correlation, unit root test or runs test. However, since (Lo and MacKinlay, 1988) proposed a new method, the variance ratio test, to investigate the weekly stock returns in the US and rejected the random walk process for the US stock market, the variance ratio tests have been extensively used in recent studies because of its powerfulness.
Several studies have been devoted to the investigation on the random walk hypothesis for the Korean stock markets, such as Ayadi and Pyun (1994) , Narayan and Smyth (2004) and Hasanov (2009) with mixed results. Some studies have been conducted to compare Korean stock market with other different stock markets in Asian region in terms of market efficiency using the market indexes. Huang (1995) rejected the random walks for Korean stock market while Hoque et al. (2007) and Kim and Shamsuddin (2008) suggested that Korean stock market is efficient.
Recently, Korean authority expanded daily limits of stock prices in Korea to 30 per cent on June 15, 2015 for the first time since the government had eased the then-existing 12 per cent of price limits to 15 per cent in December 1998 in an effort to induce foreign direct investment into the country's financial market in order to deal with the financial crisis which broke out in late 1997. The Korea's price limit system has been steadily relaxed amid the persistent criticisms of market inefficiency it may cause due to the possible manipulation of stock prices and restriction of trading opportunities. As Korea joined the OECD, the daily stock price limits had been expanded since November 25, 1996 to 8 per cent from the previous 6 per cent limits. Following the 1997 Korean financial crisis, the price limits were relaxed to 12 per cent on March 2, 1998 and 15 per cent on December 7, 1998 in an effort to encourage foreign investment into the country's capital market. 2 This regime change of daily limits reinvigorated interest in the effect of stock price daily limits on the efficiency of stock markets. To prevent stock market from excessively fluctuating, some countries, including China, Taiwan and Japan, use daily price limits system where stock prices are allowed to move up or down within a maximum price range from the previous closing prices in a day. 3 Although an abundance of research has been carried out with reference to the efficiency of stock markets, there are few studies on the effect of price limits on the stock market efficiency. Some of research on the price limits focused on the association between price limits and stock market volatility. Lee and Kim (1995) investigated the effects of price limits on the Korean stock market to find that price limits decreased stock price volatility over the period 1980 -1989 while (Berkman and Lee, 2002 examined the effects of expansion of price limits on volatility and trading volume for Korean stocks for the period from April 1, 1994 to April 1, 1996 to find that expansion of price limits increased weekly volatility and decreased trading volume.
For studies on the stock price limits and market efficiency, Lee and Chung (1996) tested 30 stocks randomly selected from Korean stock exchange to find that the price limits system results in a lower volatility and that Korean stock market seems to be inefficient because of the biased price movements due to the price limits. Later, Ryoo and Smith (2002) examined the random walk hypothesis for the Korean stock market with the use of multiple variance ratio tests for a sample of 55 actively traded stocks selected from different industries for the period March 1988 to December 1998 which saw five changes of daily price limits. As price limits are eased, more stocks are found to follow the random walk process. Lim and Brooks (2009) compared the effects of change in price limits on the stock market efficiency among Korea, China and Taiwan. Using the rolling bicorrelation test statistic on the daily market indexes, they suggested that price limits do not weaken market efficiency. However, their findings may have some drawback in that they used market indexes for analysis rather than individual stock prices because the price limits are imposed on the individual stock prices not the market index.
It would be of great interest to examine whether relaxed price limits regime in Korea stock market have contributed to the market efficiency as hoped by the authority. To fill the gap in the literature on this topic, this paper aims to investigate the effects of the recent widening of price limits on efficiency of the Korean stock market based on a random walk model.
Based on the methods of alternative variance ratio tests, this study uses 60 companies listed in the Korea Exchange selected from different industries as well as Korea Composite Stock Price Index (KOSPI). Daily closing stock prices for the sample companies are collected over the period from January 2, 2012 to November 30, 2017, which is divided into two sub-periods of January 2, 2012 -June 14, 2015 and June 15, 2015 -November 30, 2017 for comparison of market efficiency between before and after the relaxed price limits effective on June 15, 2015.
The rest of the paper is organized as follows. Section 2 discusses the research methodology to test the random walk hypothesis. The data used for analysis is presented in Section 3. Section 4 discusses empirical results and implications of the results before concluding the study in Section 5.
Methodology
Multiple variance ratio tests were employed to test the random walk process for daily stock returns in an attempt to investigate the effect of significant expansion of daily price limits on the efficiency of Korean stock market. 4 Variance ratio tests proposed by Lo and MacKinlay (1988) have been popular and extensively used in testing the random walk process for examination of the market efficiency across the world including Korea (for example, Ayadi and Pyun (1994) , Huang (1995) , Ryoo and Smith (2002) , Hoque et al. (2007) and Kim and Shamsuddin (2008) . In an efficient (weak form) market, stock prices tend to follow a random walk process, hence stock prices cannot be predicted by the past information as all available information have been absorbed in current prices.
For the test of the market efficiency, the random walk model is used, defined as;
where ∆Pt (rt) is the continuously compounded rate of return for a stock at time t, Pt and Pt-1 is the natural log form of the stock price at time t and t-1, µ is a drift parameter, and εt is a random disturbance term. Under the random walk hypothesis, εt is independent and identically distributed (i.i.d.) and uncorrelated. If μ = 0, it is a random walk without drift, and if μ ≠ 0, it is a random walk with drift.
The variance ratio methodology is based on the idea that "the variance of random walk increments is linear in all sampling intervals", meaning that the "variance of k-period return of the time series (yt), rk = yt−yt − k, is k times the variance of one-period return, rt = yt−yt − 1" (Amélie and Darné, 2009 ). The variance ratio of k-period return, VR(k), is defined as:
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where ρi is the i th lag autocorrelation coefficient of (Malkiel and Fama) . VR(k) is a linear association of the first (k−1) autocorrelation coefficients. When returns are not correlated over time, ( ) should be kVar(rt), i.e., VR(k) = 1. The variance ratio test is a test of H0 : ρ1=···=ρk=0, i.e., returns are serially uncorrelated. Consequently, it tests the hypothesis that the return of a time series (yt), rt = yt−yt − 1, follows a random walk.
Two test statistics for the random walk process are estimated according to the assumptions of the data series. Under the assumption of homoscedasticity (i.e., i.i.d.) , the test statistic Z1(k) for the null hypothesis of V(k) = 1, is given by ( )
where φ(k) is asymptotic variance and defined by ( ) ( )( ) (5) Under the assumption of conditional heteroscedasticity, the heteroscedasticity robust test statistic Z2(k) for the null hypothesis of V(k) = 1, is given by ( )
where
Lo-MacKinlay variance ratio tests are designed to test the null hypothesis for an individual value of the holding period k. However, since the null hypothesis needs to be tested for all holding periods of k, the tests should be conducted jointly over a set of holding periods. To overcome the weakness of ignoring the joint nature of testing (Lo and MacKinlay, 1988) tests, this study employed the multiple variance ratio tests proposed by both Chow and Denning (1993) and Richardson and Smith (1991) . The multiple variance ratio tests consider the joint null hypothesis H0i: VR(ki) = 1 for all i = 1,···, m, against the alternative H1i: VR(ki) ≠ 1 for any i = 1,···, m. For the tests of the joint null hypothesis, the test statistic developed by Chow and Denning (1993) is defined as √ | ( )| (9) where Z1(ki) is defined in Equation (4). The decision-making for the null hypothesis is based on the maximum absolute value of the individual variance ratio statistics. The studentised maximum modulus (SMM) distribution with m parameters and T degrees of freedom at α significance level, i.e., SMM(α,m,T), are applied in the tests. Similarly, the heteroscedasticity robust statistic M2 is given as √ | ( )| (10) where Z2(ki) is defined in Equation (6). The random walk hypothesis is rejected if the maximum absolute value, M1 or M2, is greater than the critical value of SMM at a chosen level of significance.
Alternatively, we used another joint test developed by Richardson and Smith (1991) which uses the Wald statistic defined in Equation (11).
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where R is the (k+1) vector of sample k variance ratios, 1k is the (k×1) unit vector, and φ is the covariance matrix of R. The RS(k) statistic is based on the chi-squared distribution with k degrees of freedom.
This test is argued to be more powerful than multiple variance ratio tests of Chow and Denning (1993); Fong et al. (1997) . However, this test is useful only in the homoscedastic tests (Amélie and Darné, 2009 ). Hence Richardson-Smith tests were only applied under no heteroscedastic assumption in this study.
Data Analysis
For the analysis on the efficiency of Korea's stock market, this study used daily closing prices of 60 stocks listed in the Korea Exchange as well as the market index, KOSPI. The sample period runs from January 2012 to November 30, 2017, corresponding to 1,459 observations and the data were obtained from Yahoo Finance database. The period is divided into two sub-periods i.e., the period for January 2, 2012 to June 14, 2015 under daily price limits regime of 15% and the period for June 15, 2015 to November 30, 2017 under the 30% daily price limits regime with 850 and 609 observations, respectively.
As of November 30, 2017, the number of companies listed in KOSPI market is 770 with total number of listed stocks being 883 and its market capitalisation amounts to 1,607 trillion won, equivalent of 1,477 billion dollars. Korea's stock market is composed of a number of key industries as shown in Table 1 . Special care is taken to select the samples that are actively traded so as to represent the industries well, considering the number of stocks belonging to the industry and their market capitalisation with respect to aggregate market capitalisation. Table 2 reports sample stocks classified by industry, each sample's market capitalisation and the number of listed shares with its percentage vis-à-vis those of aggregate market and ratio held by foreign investors. A sample of 60 stocks constitutes 56 per cent of total market capitalisation and 25 per cent of total number of shares listed in Korea's stock market. The continuously compounded rate of return for market index and each sample stock for the sample period are used for the empirical analysis and its descriptive statistics are summarized in Table 3 . The average mean of daily returns for 60 stocks (0.012%), as well as the index (0.021%), is positive for the entire sample period, reflecting the overall rise of the Korean stock market during the sample period. The average for the period after the expansion of daily price limits on June 15, 2015 (0.0117%) is higher than that of period before the change of price limits (0.0113%). As for the volatility of stock returns, the average standard deviation of the period under the 30% price limits regime is 0.0219 and appears to be more volatile than the period with the 15% of price limits (0.0213). In contrast, standard deviation of KOSPI in the 15% regime of daily price limits (0.0078) is higher than that of the 30% price limits regime period (0.0074). 5 Out of 60 stocks, daily returns of 19 stocks have negative skewness with distributions skewed to the right. Skewness measures how symmetric the observations are around the mean. For a normal distribution, the skewness is 0. Kurtosis coefficients of all stock returns are greater than 3, indicating the leptokurtosis characteristics with fat-tailed distributions. As a result, all data are not believed to be normally distributed, which can be also confirmed by the Jarque-Bera test for normality. 
Empirical Results
In order to investigate the stock market efficiency in Korea, the variance ratio tests are performed, using Eviews statistical package, to test the random walk hypothesis for the daily return data of the index and 60 stock prices for the two periods of the different price limits regimes. The test periods are based on 5 observations per week and five intervals are set as "2, 5, 10, 15, 20", spanning four weeks following (Ryoo and Smith, 2002) . Additionally, the multiple variance ratio tests for the five periods are also carried out to jointly test the null hypothesis for the multiple individual periods. Since economic and financial time series data tend to have timevarying volatilities (Lo and MacKinlay, 1989 ) the heteroscedasticity robust random walk process is tested for the index and stock returns. The outputs of the multiple tests for the index return (Chow and Denning, 1993) ; (Richardson and Smith, 1991) along with individual tests, are presented in Table 4 .
The Chow-Denning multiple tests (expressed as Joint Tests in Table 4 ) are the variance ratio tests of the joint null hypothesis for five periods, and the variance ratio tests for each individual periods are reported at the bottom of the table (expressed as Individual Tests). The maximum |z| statistic of Chow-Denning tests, defined as in Equation (10), under the 15% price limits regime is 0.530 and p-value is 0.9893. The null hypothesis of a random walk cannot be rejected. The individual statistics, defined as in Equation (6), for all five periods, also cannot reject the null hypothesis as p-value is significantly greater than 0.05. The results under the 30% price limits regime are reported in right-hand side and similar to those under the 15% price limits regime.
Furthermore, the individual and multiple variance ratio tests under the assumption of homoscedasticity are conducted and the results are reported in Table 5 . The Chow-Denning maximum |z| statistic, defined as in Equation (9), and the Richardson-Smith Wald test statistic, defined as RS in Equation (11), for the joint hypotheses are obtained in addition to the individual test statistics, defined as in Equation (4). The results are similar to the above heteroscedasticity robust tests for the KOSPI return series. The test results indicate that Korean stock market index follows the random walk process. The above processes are repeated for each of 60 sample stock returns to compare two different price limits periods and the results are summarized in Table 6 , which shows the number of stocks rejecting the null hypothesis of random walk process along with percentage of companies following random walk out of 60 sample stocks, based on the Chow-Denning multiple variance ratio tests and Richardson-Smith Wald tests. Detailed results of multiple variance tests are reported in Appendix. For the period from January 2, 2012 to June 14, 2015 under the 15% price limits regime, the number of stocks rejecting the null hypothesis is 13 and slightly decreased to 10 for the period from June 15, 2015 to November 30, 2017 under the 30% price limits regime, meaning that proportion of sample stock returns following the random walk process under the eased price limits regime slightly increased to 83.3% from the previous 15% regime of 78.3%. This study is generally consistent with the findings of Ryoo and Smith (2002) that the Korean stock market becomes more efficient as the price limits are eased, albeit the findings are rather suggestive than definitive. However, homoscedastic Chow-Denning multiple variance ratio tests and Richardson-Smith Wald tests produced the different results. The proportion of sample stock returns following the random walk process under the eased price limits regime increased to 76.7% from the previous 15% regime of 63.3% in homoscedastic Chow-Denning tests while Richardson-Smith Wald tests showed 75% up from 65% under the previous regime. When significance level is applied at 10%, the difference is more noticeable as random walk proportion was found to increase from 66.7% to 80%, 56.7% to 70% and 48.3% to 68.3% based on three different multiple variance ratio tests, respectively. In addition, to identify the effect of market capitalisation on the market efficiency to find out the answer to the common hypothesis that large capitalisation stocks tend to more follow the random walk process than small capitalisation stocks, we divided the sample stocks into two groups in terms of market capitalisation for comparison. The 30 large-cap stocks have the average market capitalisation of 25,266 million dollars in stark contrast to 2,369 million dollars of that of the 30 sample-cap stocks. Under the 15% price limits regime, 47 stocks following a random walk consist of 22 large-cap and 25 small-cap stocks while 50 stocks following a random walk include 23 large-cap and 27 small-cap stocks suggesting that market capitalisation does not play a significant role in the market efficiency.
Conclusions
This study examined the efficiency of Korean stock market, within the framework of a random walk model, to compare the results before and after a substantial relaxation of daily price limits effective on June 15, 2015. ChowDenning and Richardson-Smith multiple variance ratio tests have been employed to find out the effect of expansion of price limits on the market efficiency.
The daily returns for the Korean stock market index and 60 stocks listed in the Korea Exchange were examined over the period from January 2, 2012 to November 30, 2017 which was divided into two sub-periods i.e., period from January 2, 2012 to June 14, 2015 and period from June 15, 2015 to November 30, 2017 for the comparison purpose. The sample stocks were selected from different industries to represent well the stock market.
According to the results of the tests, the daily return of KOSPI, the Korean market index, followed the random walk process for both the periods under the 15% and 30% price limits. For the returns of sample stocks, the number of stocks following random walk hypothesis slightly increased from 47 stocks (78.3%) under 15% price limits to 50 stocks (83.3%) under 30% price limits in the heteroscedasticity robust tests. Based on the homoscedasticity assumption tests and Wald tests, the number of stocks accepting the null of random walk hypothesis increased from 38 stocks (63.3%) and 39 (65%) under 15% price limits to 46 stocks (76.7%) and 45 (75%) under 30% price limits, respectively. Overall findings suggested that within the framework of a random walk model, the market index showed market efficiency in a weak form during both two sub-periods. Individual stock returns do not behave in the same way as that of the market index in terms of the random walk possibly because information is processed differently across individual companies and their stocks. However, this study suggests, daily returns in more stocks in the Korean stock market appear to behave in weak form efficient way as the price limits are eased.
In view of the findings in this study and the resilience the stock market has shown since the substantial relaxation of daily price limits, it seems that consideration should be given for the price limits to be removed completely further down the line to enhance the informational efficiency of the country's stock market so as to be on a par with well-developed global stock markets. 
